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Oxidation induced by reaction with photo-generated excited triplet states is important for the 42 fate of contaminants in sunlit surface waters. 1 The source of these excited triplet states is 43 constituted by the chromophoric components of dissolved organic matter (DOM), which are 44 generally the main absorber of sunlight in surface waters. 2 Moreover, DOM is involved as a 45 photosensitizer in other reactions leading to an enhanced transformation of contaminants. preceding studies 9, 10 we characterized these inhibition reactions by employing two aromatic 51 ketones as excited triplet state precursors and using various types of DOM as inhibitors. 52
Compounds containing amine moieties, in particular the broad class of the anilines, including 4-53 aminophenyl-sulfonamides that are used as antibiotics (simply referred to as sulfonamides in the 54 following), were significantly affected by inhibition. The observed inhibition generally increased 55 with DOM concentration and could be explained in terms of a one-or two-channel reaction 56 model. 10 DOM of terrestrial origin with high aromaticity was shown to be a better inhibitor than 57 DOM of aquatic origin with low aromaticity. To interpret the findings we proposed that an 58 oxidation intermediate (possibly but not necessarily the radical resulting from one-electron 59 oxidation of the target compound) was reduced by some antioxidant moieties present in the DOM. 60
The occurrence of such moieties is likely because DOM, in particular its humic fraction, 61 possesses a relevant electron donating capacity (EDC) 11, 12 and is even capable to reduce mild 62 oxidants such as ferric citrate and hexacyanoferrate. 13 The chemical complexity of DOM impairs 63 the direct identification of the antioxidant moieties thought to be responsible for the observed 64 inhibition effect. However, probable candidates may be found in the class of phenolic moieties, 65 which are abundant in DOM.
14, 15 Phenols, especially those bearing electron-rich substituents, are 66 known to exhibit antioxidant activity. 16 Phenolic antioxidants (AOs) are either present in nature 67 to prevent oxidative damage to living cells, as in the case of α-tocopherol (vitamin E) and various 68 phenolic compounds produced in plants, or added on purpose to inhibit the degradation of 69 numerous goods such as foods, pharmaceuticals and personal care products, and plastic 70 materials. A model aromatic ketone is used in combination with DOM as the inhibitor (blue arrows 104 combined with black arrows in the lower right part); (4). DOM is both the photosensitizer and the 105 inhibitor in the oxidation of P (lower part of the scheme, black arrows). This last combination 106 mode represents the situation occurring in a DOM solution or a natural water, but is not suitable 107 for mechanistic investigations, so it is not further considered in this paper. In our previous 108 studies 9, 10 the combination mode (3) was employed. The application of the combination modes 109
(1) and (2) are presented for the first time in this paper. 110
7
The main objective of the present study was to demonstrate that phenolic compounds (as 111 model AOs) are able to inhibit the triplet-induced oxidative transformation of certain 112 contaminants as observed for DOM, thus providing a proof of concept for the proposed 113 mechanistic interpretation. This was achieved by conducting steady-state irradiation experiments 114 of solutions containing a given target contaminant and appropriate combinations of 115 photosensitizers and model AOs. The depletion kinetics of both target contaminant and AO was 116 determined for each single experiment. 117
For a successful implementation, particular attention had to be paid to the selection of the 118 target compounds, the model AOs and the model photosensitizers. As target compounds, several 119 anilines and sulfonamides were chosen, because these classes of compounds have proven to be 120 significantly affected by inhibition of oxidation. Table 1 and more comprehensively in the Supporting Information (SI, Figure S1 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 one obtains a maximum quenching contribution of 4.6 % due to the presence of AO. With phenol 163 and 4MP the quenching contribution for 10 µM is even much below this value (0.05 % and 164 0.13 %, respectively), and is still small even at an AO concentration of 500 µM (2.5 % and 6.1 %, 165 respectively). We therefore conclude that quenching by AO in any of the experiments performed 166 in this study was lower than the experimental uncertainty (typically ≈15 %) and thus negligible. 167
Irradiation experiments were performed in quartz glass tubes at a temperature of 25.0 ± 0.5 °C. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 absence, k Sens , of a given AO (the subscript Sens is used to denote the used photosensitizer) were 244 determined and the inhibition efficiency (IE) was calculated according to eq. 8. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 There is no clear answer to the question whether 4MP is a better oxidation inhibitor than 279 phenol. For half of the tested TCs, 4MP shows a lower IE than phenol (Figure 2a ). Generally 280 4MP should be a more effective AO than phenol because the additional p-methyl group makes it 281 a better electron donor, which is expressed in a lower standard one-electron reduction potential 282 and oxygen-hydrogen bond dissociation energy. anion radical, which should be generated by reaction of molecular oxygen with the ketyl radical 296 of 2AN. 1, 32, 35 Superoxide can either add to the radicals resulting from oxidation, leading to 297 oxygenated products, or donate an electron to such radicals leading to their reduction. These 298 reactions may be in mutual competition, as observed for various phenoxyl radicals. 45 Moreover, 299 the depletion of some of the investigated AOs, such as resorcinol, 2,4DHBA, and 3,5DHBA (all 300 of which have two hydroxyl groups in m-position to each other) appears to be autocatalyzed, 301
showing that transformation products of these phenolic AOs can lead to complex kinetics. 302
An additional series of experiments was performed using TCs that were expected or 303 previously shown 9 not to undergo inhibition of oxidation in the presence of DOM. the case of phenol, whereas a slight increase is observed for 4MP. A possible explanation of this 318 unanticipated behavior is that 4MP reacts with 3 2AN * at higher rates than phenol, contributing to 319 an increased formation of 4MP-derived phenoxyl radicals and transformation products which 320 might increase the depletion of the TC. For a quantitative analysis, the previously developed 321 relationships (eq. 7 combined with eq. 8 from our previous study 10 ) were adapted by substitution 322 of [DOM] with [AO] to give eq. 9, which was used for data fitting (the nonlinear curve fit 323 procedure for rational functions as provided by the Origin software version 8.0 (OriginLab) was 324 employed). 325
The underlying kinetic model considers two parallel reaction channels for the oxidation of a 326 given TC, one of which (channel 1) undergoes inhibition by AO, while the other channel is not 327 affected by AO. In eq. 9, k Sens is the measured rate constant in the absence of AO, while the 328 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58 of DOM has to be kept quite low to avoid excessive inhibition of the reaction by DOM itself, 369 which acts of course both as a photosensitizer and an inhibitor. Owing to the less efficient 370 photosensitizing activity of DOM with respect to model aromatic ketones, 32 required irradiation 371 times to study the depletion kinetics of the TC were found to be at least one order of magnitude 372 higher than for the corresponding experiments using 2AN. Under these conditions, the 373 phototransformation of some TCs, such as aniline and SCPD, in blank solutions (i.e. without 374 DOM) was very important. Consequently, such TCs were considered to be inappropriate for the 375 sake of the present study. Also, under DOM photosensitization and such long reaction times, 376 4MP was depleted rapidly in comparison to the TCs, and was therefore considered to be 377 inappropriate as a model AO in this case. SMX and SD were found to undergo negligible 378 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 
